Introduction {#S0001}
============

Radiation therapy is one of the main methods for the treatment of thoracic tumors. However, radiation pneumonia (RP) is one of the common complications, leading to respiratory distress and even death in severe cases.[@CIT0001]--[@CIT0004] RP could limit the escalation of radiation dose necessary to achieve curative effects meanwhile reducing the quality of life for patients.[@CIT0005],[@CIT0006]

Currently, risk assessment of RP typically depends on physical dosimetric parameters resulting from a population of patients, such as mean lung dose (MLD) and percentage of lung volume exposed to doses exceeding a threshold, which is limited for individual patients.[@CIT0007]--[@CIT0011] As inflammatory cytokines play important roles in the molecular pathogenesis of lung damage,[@CIT0005],[@CIT0006],[@CIT0012],[@CIT0013] it is a perfect outlet for solving the problem through identifying them as biomarkers to more accurately assess individual patient's risk of developing RP.

Multiple cytokines regulate RP through different pathways, which is an inflammatory factor-mediated acute lymphocytic alveolitis.[@CIT0013] However, at the present time, there are no reliable and validated predictive assays for the early prediction of RP in the clinical process. The elevation of plasma cytokines interleukin-6 (IL-6) level is positively correlated with the increase of radiation-related lung injury,[@CIT0001],[@CIT0014] which could predict acute radiation-induced lung injury (≥ grade 2).[@CIT0012] C-reactive protein (CRP) is an acute-phase reaction protein, which is synthesized and secreted by the liver under the action of IL-6 and other inflammatory factors.[@CIT0015],[@CIT0016] CRP is a non-specific but sensitive inflammatory biomarker. Early non-specific clinical symptoms are easily confused with intrapulmonary infection, causing the failure to detect early radiation pneumonitis. Procalcitonin (PCT) is a glycoprotein secreted by thyroid C cells, which is one of the specific indicators to distinguish infection and non-infectious etiologies.[@CIT0017]--[@CIT0019] PCT may have the ability to identify infectious or non-infectious causes to some extent.[@CIT0020]

In this study, we analyzed the changes of the above serum levels of IL-6, CRP and PCT during the radiotherapy for patients with thoracic malignant tumors. The clinical biomarkers of the risk of RP were identified, thus RP could be diagnosed in the early stage and treated in time independent of conventional computed tomography (CT) image. Our goal is to develop non-invasive and non-imaging biomarkers for early detecting RP even before symptoms occur to avoid the occurrence of pulmonary insufficiency and acute respiratory distress syndrome (ARDS) in RP patients.

Patients and Methods {#S0002}
====================

Study Population {#S0002-S2001}
----------------

Patients with thoracic malignant tumors (lung cancer, esophageal carcinoma and mediastinal tumor) confirmed by histopathology or cytology from October 2013 to November 2017 and treated with three-dimensional conformal radiotherapy or intensity-modulated radiotherapy in Zhongda Hospital, Medical School of Southeast University were selected for this study. The inclusion criteria were as follows: patients with thoracic malignant tumors receiving radiotherapy had an expected survival of more than 6 months and a PS score ≤3. The exclusion criteria were as follows: patients with stage IV extensive metastasis, left/right pneumonectomy, severe chronic bronchitis, emphysema, corpulmonale or other serious diseases (such as myocardial infarction within 6 months). All patients signed informed consent. The study was approved by the ethics committee of Zhongda Hospital, Southeast University.

Treatment Regimen of Radiotherapy {#S0002-S2002}
---------------------------------

All patients underwent routine segmented three-dimensional conformal or intensity-modulated radiotherapy with 6MV-X-ray Primus-m linear accelerator. Gross tumor volume (GTV), clinical volume (CTV) and planned target volume (PTV) were delineated according to the definitions of ICRU 50 and 62 reports. There were 5 to 7 fields in total. The shape of irradiation field was designed by beams eye views (BEV), which requires a 95% isodose line to cover PTV. The total dose of radiotherapy was 40--66 Gy (Median: 54 Gy).

Cytokine Detection {#S0002-S2003}
------------------

Blood samples were collected during the radiotherapy for patients with thoracic malignant tumors at different time points of 0 (the beginning of the treatment), 2, 4, 6, 10 weeks. The blood was then centrifuged at 1000 rpm for 15 mins at 4°C, and the separated serum was stored at −20°C for analysis. The serum IL-6 and PCT were detected by electrochemiluminescence with the analyzer of COBAS8000 produced by ROCHE (Switzerland) and the company's kit. The level of CRP in serum was detected by nephelometry with the analyzer of SISTEMA BN II produced by SIEMENS Company and the company's reagent kit. All procedures were carried out strictly according to the kit instructions.

Evaluation of RP {#S0002-S2004}
----------------

Patients were evaluated routinely during radiotherapy by physical examination as well as chest CT. During follow-up, conventional chest CT scans were performed 1, 3 and 6 months after radiotherapy. Chest CT should be performed to confirm suspicious symptoms of radiation pneumonia (such as severe cough, elevated body temperature, chest tightness or dyspnea) during or at any time after radiotherapy. RP was graded according to Common Terminology Criteria for Adverse Events (CTCAE, version 5.0) as follows: Grade 1, asymptomatic: clinical or diagnostic observations only or intervention not indicated; Grade 2, symptomatic: medical intervention indicated or limited activities of daily living; Grade 3, severe symptoms: limiting self-care for daily living activities or oxygen indicated; Grade 4, life-threatening respiratory compromise: urgent intervention indicated (tracheotomy or intubation); Grade 5, fatal. RP is diagnosed by CTCAE 5.0 evaluation criteria as follows: continuous cough and/or dyspnea occur in patients with radiation pneumonia of grade (≥2) and need to be treated clinically. Excluding the above symptoms is caused by the following factors: tumor progression, pulmonary infection (bacteria, fungi or viruses), acute exacerbation of COPD, cardiogenic disease, pulmonary infarction, anemia, drug-induced pneumonia. The changes of CT imaging were mainly spotted shadow, ventilation bronchi sign, strip shadow, lung consolidation shadow or honeycomb in the irradiation area. In addition to the changes in the irradiation area, a few patients also had corresponding imaging changes outside the radiation area. According to whether radiation pneumonia occurred or not, patients were then divided into the radiation pneumonia group (RP group) and non-radiation pneumonia group (no-RP group). Data were not collected and analysed after systemic corticosteroids therapy in RP patients.

Statistical Analysis {#S0002-S2005}
--------------------

SPSS 22.0 was performed to analyze the data. The Chi-square test was used for categorical variables. Numerical variables conformed to normal distribution through Kolmogorov--Smirnov test were compared using student's *T*-test. Data of PCT, IL-6 and CRP at each detection point were firstly conformed to the normal distribution, then independent sample *T*-test was used to analyze the data. The prediction parameters of an ROC curve were analyzed by MedCalc software. The difference was statistically significant with *P* \< 0.05.

Results {#S0003}
=======

Patients Characteristics and RP Incidence {#S0003-S2001}
-----------------------------------------

The characteristics of the 105 patients included in the retrospective study are listed in [Table 1](#T0001){ref-type="table"}. Males and females were 77 and 28, respectively, and the average median age was 63.73 ± 11.78 years. As far as pathological classification been concerned, there were 49 cases of esophageal carcinomas, 41 cases of lung cancers and 15 cases of mediastinal tumors. Among particular grades of CTCAE 5.0 evaluation criteria, grade 2, grade 3, grade 4 and grade 5 were observed 17, 7, 3, and 1 number of case, respectively, in the study, thus RP is diagnosed and the incidence of RP was 26.7%. According to the time of the occurrence of RP, there were 2 cases in 4 weeks of radiotherapy, 11 cases in 6 weeks, 14 cases in 10 weeks and 1 case in 18 weeks. The occurrence time of RP was 57.79 ± 20.88 days. The onset time of early symptoms was 54.46 ± 20.89 days and the abnormal time of CT scan was 59.14 ± 21.43 days. The clinical data and dosimetric parameters of patients of RP group and non-RP group are compared in [Table 1](#T0001){ref-type="table"}. There was no significant difference in the risk of RP between patients' factors (age, sex, PS score, smoking, tumor type) and treatment factors (chemotherapy, V~5~, GTV dose (Gy)). However, chronic obstructive pulmonary disease (COPD), V~20~ and MLD were significantly different between the two groups (χ^2^ = 4.131, 3.986, 7.830, P \< 0.05). Table 1Patients Characteristics (n=105)ItemSumRPNon-RPχ^2^*P* ValueGender0.5360.464 Male772255 Female28622Age1.6010.206 \<65years old521141 ≥65years old531736PS1.2280.268 0--1862165 2--319712Smoking0.0570.811 Yes431231 No621646COPD4.1310.042 Yes1376 No922171Chemotherapy1.1930.275 Yes702149 No35728Lung V~20~3.9860.046 \<25%721557 ≥25%331320Lung V~5~0.9920.319 \<65%822062 ≥65%23815 MLD (Gy)7.8300.005 \<13711358 ≥13341519GTV dose(Gy)0.1780.673 \<54411031 ≥54641846Tumor type0.4830.785 Esophageal491336 Lung cancer411229 Mediastinum tumor15312[^1]

Changes in the Levels of IL-6 and CRP During the Radiotherapy {#S0003-S2002}
-------------------------------------------------------------

The level of IL-6 increased in patients who developed RP, while it persisted at a lower level in patients who did not develop RP during the radiotherapy. As shown in [Figure 1A](#F0001){ref-type="fig"}, there is a statistically significant difference in the level of IL-6 between RP group and non-RP group (*P* \< 0.05). What's more, [Figure 1A](#F0001){ref-type="fig"} also illustrated that the level of IL-6 in patients with RP started to rise in 2 weeks, which is earlier than that of conventional CT imaging performed to confirm suspicious symptoms of RP (4 weeks). Not come singly but in pairs, in this study, a similar change happened in the levels of CRP, too. Results demonstrated that the levels of CRP in RP group were significantly higher than those in non-RP group, which was shown in [Figure 1B](#F0001){ref-type="fig"}. Figure 1Changes in the levels of IL-6 during the radiotherapy. (**A**) the serum level of IL-6 between RP group and non-RP group (\* *P* \< 0.05); (**B**) the serum level of CRP between RP group and non-RP group (\* *P* \< 0.05).**Abbreviations:** RP, radiation pneumonia; IL-6, interleukin-6; CRP, C-reactive protein.

The Levels of PCT During the Radiotherapy {#S0003-S2003}
-----------------------------------------

Different from the level of IL-6 and CRP, the level of PCT remained consistent throughout the course of radiotherapy and follow-up among patients who did and did not develop RP. As shown in [Figure 2](#F0002){ref-type="fig"}, serum PCT concentrations in both groups were lower than 0.15 ng/mL. Figure 2The levels of PCT during the radiotherapy. There is no statistically significant difference in the level of PCT between RP group and non-RP group (*P* \>0.05).**Abbreviations:** RP, radiation pneumonia; PCT, procalcitonin.

Predictive Risk Assessment Models {#S0003-S2004}
---------------------------------

In order to predict the risk of RP, we generate an unbiased cross-validation receiver operating characteristic curve (ROC curve) based on the quantitative level of single and multiple cytokine signals. The threshold of IL-6 and CRP were 14.07pg/mL and 32.8 mg/L, respectively. The AUC of IL-6 and CRP were 0.89±0.04 (95% CI, 0.80--0.95, *P*\<0.001) and 0.87±0.05 (95% CI, 0.78--0.94, *P*\<0.001) respectively ([Figure 3](#F0003){ref-type="fig"}). When combined IL-6 and CRP, the AUC could reach up to 0.92 ± 0.03 (95% CI, 0.83--0.97,*P* \< 0.001). Figure 3ROC curve based on the sensitivity and specificity of IL-6 alone, CRP alone, and the combination of IL-6 and CRP to predict RP.**Abbreviations:** ROC curve, receiver operating characteristic curve; IL-6, interleukin-6; CRP, C-reactive protein; PCT, procalcitonin.

Comparison of Cytokines and CT in Patients Developed RP {#S0003-S2005}
-------------------------------------------------------

The chest CT imaging data of 28 RP patients were collected in this study. Early RP had only non-specific symptoms such as cough and chest tightness. In addition, the CT imaging specificity changes (small ground-glass opacity scattered in the irradiation field or long strip, large patch density enhancement shadow) were significantly delayed.[@CIT0021] However, serum levels of cytokines IL-6 and CRP increased significantly before the occurrence of radiopneumonitis-specific imaging, and the change of cytokines was 4.68 ± 2.87 days earlier than that of RP-specific imaging. In our study, a typical RP case conveyed that cytokines IL-6 and CRP could increase significantly 5 days before obvious clinical symptoms and 12 days before RP characteristic images.

[Figure 4](#F0004){ref-type="fig"} shows a typical case, comparing cytokines and CT in patients developed RP. In this case, an 80-year-old male patient with small cell lung cancer received two courses of Etoposide + Carboplatin regimen. Then, radiotherapy for right lower lobe tumors and mediastinal lymph node metastases began from June 27, 2016 to August 3, 2016. The cumulative dose of radiotherapy was 50Gy/25f. One month after the end of radiotherapy (10 weeks), he developed right chest pain and was re-examined on September 7, 2016. The patient was generally in good condition with an occasional cough. CT images showed mild interstitial changes in the left lung ([Figure 4A](#F0004){ref-type="fig"}--[C](#F0004){ref-type="fig"}) with PCT of 0.112ng/mL, IL-6 of 65.6 pg/mL and CRP of 29.8mg/L. High fever accompanied by chest tightness and asthma occurred in patients on September 12, 2016. At this moment, CT images showed interstitial changes in both lungs ([Figure 4D](#F0004){ref-type="fig"}--[F](#F0004){ref-type="fig"}), and the range was significantly larger than that on September 7, 2016 with PCT of 0.131ng/mL, IL-6 of 64.37 pg/mL and CRP of 122mg/L. The patient was diagnosed as RP with grade 3 and received steroid pulse therapy. After 1 week of the steroid-pulse therapy (September 19, 2016), the patient's chest tightness and asthma improved, without fever. CT images suggest interstitial changes in both lungs ([Figure 4G](#F0004){ref-type="fig"}--[I](#F0004){ref-type="fig"}), which correspond to the characteristic imaging changes of RP with PCT 0.127 of ng/mL, IL-6 of 105.2 pg/mL, and CRP 41.9mg/L. In brief, serum levels of cytokines IL-6 and CRP changed even earlier than radiopneumonia-specific imaging changes while RP developed. Figure 4A typical case of the change of cytokines and CT when developed RP. (**A--C**) mild interstitial changes in the left lung; (**D--F**), interstitial changes in both lungs; (**G--I**), the characteristic imaging changes of RP (small ground-glass opacity scattered in the irradiation field or long strip, large patch density enhancement shadow). Red numbers indicate the rise of the level.**Abbreviations:** CT, computed tomography; IL-6, interleukin-6; CRP, C-reactive protein; PCT, procalcitonin.

Discussion {#S0004}
==========

RP is an inflammation of normal lung tissue caused by radiation therapy and dose-limiting toxicity of thoracic radiotherapy.[@CIT0002] Early diagnosis is essential for rapid and adequate treatment to reduce mortality. Biomarker is a promising approach to predict the risk of RP during the radiotherapy for patients with thoracic malignant tumors.

In our study, the levels of IL-6 and CRP in RP group were significantly higher than those in non-RP group. The plasma level of IL-6 was the highest at 6 weeks during radiotherapy. Furthermore, our data indicate that the changes in serum cytokines IL-6 and CRP are earlier than the characteristic imaging changes of RP. A combination of the two cytokines could better predict the occurrence of RP before the onset of symptoms. Clinical studies have shown that IL-6 may be a biological predictor of lung injury after radiotherapy for thoracic malignant tumors. Rancati et al observed the level of IL-6 in bronchoalveolar lavage fluid of patients with lung cancer after radiotherapy, and Fu et al found that the level of IL-6 in the lung of the irradiated side increased.[@CIT0009],[@CIT0022] RTOG-91-03 demonstrated that elevated serum IL-6 levels after 10 Gy lung irradiation could predict grade≧ 2 acute pulmonary toxicity.[@CIT0012] The results of Sakai et al indicated that IL-6 knockout mice have an inherent resistance to acute alveolar injury after thoracic vertebral irradiation.[@CIT0023] Contrary to our findings, most researchers believe that IL-6 has limited ability to predict RP.[@CIT0006],[@CIT0024],[@CIT0025] It may be due to they did not detect plasma levels of IL-6 before the onset of early RP symptoms. CRP is an acute-phase protein,[@CIT0026] mainly stimulated by IL-6.[@CIT0015],[@CIT0016] Our observations show that the plasma CRP concentration in RP patients also increased significantly with the increase of plasma IL-6 concentration. Because RP is essentially an aseptic inflammation, PCT levels in patients with and without RP were consistent during radiotherapy and during follow-up after radiotherapy. Single cytokine had a good ability to predict RP with the AUC of IL-6 and CRP of 0.89±0.04 (95% CI, 0.80--0.95, P\<0.001) and 0.87±0.05 (95% CI, 0.78--0.94, P\<0.001) respectively. If combined IL-6 and CRP, the AUC could increase to 0.92 ± 0.03 (95% CI, 0.83--0.97, P \< 0.001).

The incidence of RP ranges from 15% to 58%[@CIT0009],[@CIT0010] during radiotherapy or in the previous 3 months following radiotherapy. We also found similar results that the incidence of RP was 26.7%. In addition, a total of 28 RP patients, 25 of whom occurred between 6 weeks and 10 weeks. The results indicated that the period from 6 weeks to 10 weeks was the high-risk period for RP. It was necessary to be vigilant and it might be appropriate to increase the number of follow-up visits. In our study, typical RP cases showed that cytokines IL-6 and CRP could increase significantly 5 days before obvious clinical symptoms and 12 days before RP characteristic images, suggesting that they may be used as biomarkers for early detection of RP.

In addition, the clinical data of RP group and non-RP group showed V~20~ and MLD were significantly different between the two groups (p \< 0.05). The study also explored that only COPD had a significant difference between the two groups, no obvious abnormality was found in smoking or chemotherapy. Laucis et al reported similar results that smoking did not increase radiation-related side effects.[@CIT0027] Although this study did not confirm the correlation between chemotherapy factors and RP, few studies consider that certain chemotherapy regimens and concurrent chemotherapy may increase the risk of RP.[@CIT0028]

Conclusions {#S0005}
===========

In conclusion, serum IL-6, CRP and PCT may predict the risk of RP during radiotherapy for patients with thoracic malignant tumors, which could provide an effective method for the early detection of RP and guide clinical practice management of RP. However, this study is only a retrospective study, and the sample size is limited. It still needs to be further validated in the prospective study.

This work was supported by Nanjing Health Science and Technology Development Project (YKK18251).

Disclosure {#S0006}
==========

The authors report no conflicts of interest in this work.

[^1]: **Abbreviations:** RP, radiation pneumonia; COPD, chronic obstructive pulmonary disease; MLD, mean lung dose; GTV, Gross tumor volume.
